This study was designed to investigate the eects of detraining that occurred during an 8 week period of muscular inactivity following a 12 week training program of arti®cial computerized functional electrical stimulation cycle ergometry (CFES LE) and arm ergometry. Six spinal cord injured male individuals were followed through an 8 week detraining period that was preceded by a 12 week exercise program including CFES LE and arm ergometry. Maximal graded exercise tests were completed and measurements of peak oxygen consumption (VO 2 ), heart rate (HR), ventilation (V E ) workload, and creatine kinase were taken. Testing occurred at initial training (0T), after 12 weeks of training (12T), and after 8 weeks of detraining (DT). After the training program, peak VO 2 increased signi®cantly from 0.562+0.126 (0T) to 1.021+0.247 l/min (12T, P50.05). After DT, peak VO 2 decreased to 0.791=0.216 l/min, which was lower than 12T (P50.05), yet higher than 0T (P50.05). After DT, peak workoad had decreased from 0.675+0.203 (12T) to 0.32+0.203 kp (P50.05), which was not dierent than 0T. Creatine kinase levels were signi®cantly lower both at 12T and DT compared to OT (P50.05). In addition, this training program induced linear increases in both VO 2 and HR with workload, which were retained after DT. These increases did not reach statistical signi®cance, however. No apparent relationship existed between these values at baseline. There were no signi®cant dierences in submaximal or peak HR of V E between the three testing periods. The results indicate that both peripheral muscular adaptations and central distribution adaptations in SCI individuals are partially maintained following 8 weeks of DT from CFES LE and arm ergometry.
Introduction
Maintaining high levels of ®tness may be more important for spinal cord injured (SCI) individuals than able-bodied individuals (AB). For example, there is a signi®cant in¯uence of ®tness status upon functional ability in SCI individuals 1 and a short period of physical deconditioning in the SCI individual can signi®cantly decrease quality of life, ultimately resulting in a state of complete dependency. 2 Several methods have been shown to be ecacious in maintaining and improving ®tness levels in SCI individuals. In 1984 Petrofsky et al 3 introduced an ergometer for use by SCI individuals that provided computerized functional electrical stimulation (CFES) to the legs. The stimulation consisted of a user controlled intensity to induce a sequence of coordinated contractions of the hamstrings, quadriceps, and gluteal muscle groups, enabling the SCI to perform leg ergometry (CFES LE).
Results of CFES LE training studies indicate that CFES LE aects several ®tness parameters including increasing peak VO 2 increasing peak workload, increasing power output (PO), increasing peak heart rate, increasing stroke volume (SV), increasing cardiac output (CO), increasing arteriovenous oxygen difference (a-VO 2 di), increasing peak ventilation, reducing total peripheral resistance (TPR), and reducing submaximal respiratory exchange ratio (RER). 4 ± 12 CFES has also been shown to aect heart tissue by increasing interventricular septal and posterior wall thickness as well as increasing left ventricular mass. 13 In addition, CFES LE has been shown to decrease the rate of bone density loss in the tibia. 14 Hybrid exercise (HE) involving CFES LE in conjunction with arm ergometry (AE) has also been shown to have endocrinological eects including lowering resting blood catecholamine (CAT) levels as well as increasing acute CAT levels. 15 There is a large body of research regarding detraining of AB persons (see discussion), however, no study to date has evaluated the magnitude of detraining in SCI persons. This study was designed to measure peak oxygen consumption (VO 2 ), heart rate (HR), ventilation (V E ), maximal CFES LE workload (WL), and serum creatine kinase (CK) responses to 8 weeks of detraining from a previous 12 week CFES LE and arm ergometry training program.
CFES LE has several limitations including cost and diculty of application. Based on these limitations, it would be helpful to know what the minimum frequency of application of CFES LE would be to maintain some of the bene®ts. Finding the rate of detraining of SCI individuals from CFES LE and arm ergometry training could help minimize expense and inconvenience to the SCI individual during training.
The purpose of this study is to examine the rate of detraining that the individual with SCI undergoes in an 8 week course of detraining, both at the muscle tissue level via CK and WL, and the cardiovascular level via VO 2 , HR and V E . The rate of detraining of muscle tissue might give some insight into how frequently a spinal cord individual needs to train using a CFES LE device, the rate of detraining at the cardiovascular level might give insight into the speci®c mechanisms involved in detraining and how similar they are to able-bodied individuals.
A subset of the data used in this study was shared with previously published material. 6 The original study involved training of the SCI individual and did not deal with detraining.
Methods

Subjects
Six adult male volunteers (ages 23 ± 41) with spinal cord injuries resulting in paraplegia (T4 ± 10, n=4) and quadriplegia (C4-7, n=2) who were eligible for CFES LE and voluntary AE were used for this study. The subjects had no prior experience in CFES LE training.
Prior to implementation of testing and treatment, each subject signed an informed consent approved by the University Medical School Human Research Review Committee. In accordance with the guidelines for CFES training recommended by Therapeutic Technologies Incorporated, each subject participated in pre-treatment screening tests. These tests included: a general physical exam, X-rays of the lower extremeties including anterior, posterior and lateral roentgenograms of the hips, knees, ankles, femurs and tibias to screen for the presence of fractures or severe osteoporosis; a physical therapy evaluation to assess joint range of motion, level of spasticity, spinal re¯exes, and residual sensory and motor function; and a comprehensive hematology test to determine whether blood markers for liver and kidney function were within normal limits. Of a potential subject pool of over 50 SCI volunteers, eight met the criteria for CFES LE, and of these, six subjects completed the entire training and detraining sequence. The major reasons for non-inclusion were the presence of enough lower extremity sensation to render the electrical stimulation intolerable and the absence of either quadriceps and ankle jerk re¯exes. The diculties in recruiting subjects for this research prevented a larger sample size and a suitable control group.
CFES LE was performed using the ERGYS 1 system (Therapeutic Technologies, Inc. Tampa FL). The ERGYS 1 system applies a graded increase in current to the skin surfaces over the quadriceps, hamstrings, and gluteal muscles. Maximal current output is 132 mamps. During incremental CFES LE, the ergometer is computer programmed to increase resistance in increments of 1/8 kp. When subjects can no longer maintain a pedaling frequency of 35 rpms, the system is programmed to terminate current output. To ease the transition between rest and exercise, and exercise and recovery, a technician assisted the subject by manually turning the crankshaft.
Testing procedures
Procedures used during testing are described in detail by Krauss et al. 6 In summary, subjects ®rst completed a CFES LE test for the evaluation of blood serum CK. Prior to the test, blood was drawn from an antecubital vein ( Table 2 , pre 0T), and the subjects were then positioned and connected to the CFES ergometer. Subjects completed CFES LE with zero resistance and cycled at a cadence of 50 rpm. The test was halted when the cadence declined to 35 rpm or 30 min had elapsed. Failure to maintain a pedaling frequency of 35 rpm automatically terminated delivery of CFES signals to the subject. After this session, the subjects did not exercise for the next 72 h. Subjects returned to the lab 24, 48 and 72 h after this ®rst test for additional venous blood sampling (Table 2, 0T). The highest value of the three samples was taken and designated the peak creatine kinase (pk CK) as it has been shown by Hertobagyi and Denahan 16 that pk CK may not occur for 24 ± 48 h.
At least 72 h following the ®rst CFES LE test, subjects completed an intermittent graded CFES LE test to determine peak oxygen consumption (VO 2 ), heart rate (HR) and workload in kiloponds (kp) response to CFES LE.
The test protocol consisted of a 1 min warm up with assisted pedaling. The subject then received stimuli and pedaled unassisted without resistance for 3 min. After each 3 min exercise period there was a 2 min cool down period with assisted pedaling and a 1 min warm-up period with assisted pedaling. There were incremental increases in resistance of 1/8 kp each three minute stage. This protocol continued with 1/ 8 kp incremental increases until the subject was not able to pedal against the prescribed resistance at a cadence greater than 35 rpm.
During each test, the subject's HR was monitored continuously by telemetry (Computer Instruments Corporation, Hempstead, NY, model 8799). During incremental exercise tests, a Gould 9000 TM Cardiopulmonary Exercise System was used to monitor cardiorespiratory responses, as previously described. 6 Measurements of oxygen consumption (VO 2 l min 71 ) and respiratory exchange ratio (RER) were determined from averaged data during the last minute of each stage. The incremental exercise tests were completed at baseline (0T), week 12 (12T), and again following 8 weeks of detraining (DT). CK values were taken 24, 48 and 72 h after each of these tests from which pk CK values were calculated. In addition, a baseline CK immediately preceding CFES LE at eight weeks of detraining was taken (pre-DT) ( Table 2) .
Training procedures
The training program consisted of three phases ( Figure  1 ). Procedures used during training are described in detail by Krauss et al. 6 Phase I consisted of CFES LE training for 6 weeks, three times a week. This phase included a intermittent training protocol where each subject pedaled with stimulation at increasing time intervals and with increasing resistance. Time intervals were increased as each individual became stronger and responded with longer intervals to the stimuli.
Phase II consisted of a 6 week training period of HE three times a week. The leg training program described in Phase I was continued. In addition, the subject pedaled the Monark arm ergometer during CFES LE.
Phase III consisted of an 8 week detraining period in which the subjects did not participate in either the CFES LE or the HE. Those subjects who were involved in competitive wheelchair athletics were told to refrain from any training activities during this time. Procedures used during training with CFES LE are described in detail by Krauss et al. 6 Analytical procedures Blood samples were left to clot at room temperature, centrifuged at 48C, and the serum was removed and frozen at 7148C until subsequent analyses. Serum samples were assayed in duplicate for CK using a commercial kit (Sigma Diagnostics TM #47-UV) based on the Szasz procedure. CK activity was measured at 340 nm using a Spectronic 401 spectrophotometer (Milton Roy TM ) programmed to calculate CK activity expressed as Dabsorbance min 71 from a 2 min sampling time. CK absorbance values were then converted to Ktals l 71 .
Statistical analyses
Each of the peak VO 2 , RER, V E , workload (WL) and submaximal and maximal HR data were analyzed by one-way ANOVA with repeated measures (Statview TM , Abacus Concepts, Inc., Berkeley). The peak CK responses data did not meet ANOVA requirements of homogeneity of variance, and were converted to their natural logarithm (In pk CK) and then analyzed by one-way ANOVA with repeated measures. Mean pairwise comparisons were evaluated by the ScheeÂ test.
The relationship between HR and VO 2 was assessed for each subject by simple linear regression (GraphPad Prism, San Diego). The residual errors around each line of best ®t were assessed from standard errors of the estimate, and the slope of the line of best ®t was used to re¯ect the physiological`normality' of the HR-VO 2 response to CFES-LE. T-tests were completed comparing the standard error of estimate and the regression slope of 12T and DT. Statistical signi®cance was accepted at P50.05.
Results
Only ®ve of the original eight subjects returned for the evaluation of detraining responses. One additional subject who was the original pilot for the research and not included in the original eight 6 was added into the analyses to give the total of six subjects. The descriptive characteristics of the subjects are presented in Table 1 .
CFES LE induced higher serum CK activity after baseline testing (pre 0T versus 0T, Table 2 ). Analyses of the In pk CK data revealed that the CK response was signi®cantly less at 12T and DT compared to 0T, and signi®cantly higher than baseline (Figure 2 ). Subjects increased their ability to exercise by CFES LE, as indicated by the progression of pk WL from baseline to week 12 ( Figure 3) . The 8 week DT period signi®cantly decreased pk WL to a value similar to baseline testing, however, the pk VO 2 was still signi®cantly higher than baseline (Figure 4) . Despite the changes in pk WL and pk VO 2 , the submaximal and peak HR responses to CFES LE during the training and detraining were not signi®cantly dierent. The pk HR and pk V E data are presented in Table 2 .
There was no dierence between the residual errors or slopes from linear regression for the HR-VO 2 response between 12T and DT. Nevertheless, upon visual inspection of the data, the relationship between HR and VO 2 during CFES LE appeared to change in response to the training ( Figure 5 ). Figure 2 The changes in the natural log of peak serum creatine kinase activity (In pk CK) during training and detraining. The In pk CK was signi®cantly higher after the CFES LE test at 0T than all other values (#). In addition, In pk CK at DT-pre and DT was signi®cantly higher than pre-0T Figure 3 The dierences in workload (kp) between pretraining (pre), 12 weeks of training (post), and 8 weeks of detraining. The workload after training was signi®cantly dierent from both pre-training and detraining (*) Figure 4 The change in peak oxygen consumption (pkVO 2 ) during training and 8 weeks of detraining. Pk VO 2 values were signi®cantly dierent at each training phase There appeared to be no pattern to the response to CFES LE based on the level of injury, or years since injury (Table 3) .
Discussion
The training protocol resulted in an increase in exercise tolerance to CFES LE. Subjects were able to perform CFES LE to an increased peak WL and peak VO 2 . Blood CK activity decreased with training despite these increased WL and associated increased durations of stimulation. Despite 8 weeks of DT, the blood CK activity resulting from CFES LE remained signi®cantly lower than pre-training. In addition, peak VO 2 levels during CFES LE remained signi®cantly higher than pre-training levels. These results indicate a retention of bene®ts from the training protocol for at least 8 weeks.
The association of the training bene®ts and CFES LE alone is complicated by the inclusion of arm ergometry during phase II of the protocol. The use of HT in phase II of the training protocol may have caused a carryover of the upper extremity component on cardiovascular ®tness levels. It has been shown in AB populations that improvements in LE tested peak VO 2 occur while training predominantly the UE 17 and it is likely the SCI population would do so as well. However, as the testing condition at each phase was only CFES LE, the CK data pertain only to the arti®cially stimulated muscle (ie LE muscle). Regardless of the peripheral metabolic consequences of CFES LE training, the ability for paralyzed muscle to retain contractile and metabolic responses to arti®cial stimulation after 8 weeks of inactivity is remarkable.
The results of this investigation are the ®rst to document the retention of muscular endurance of paralyzed muscle and cardiovascular adaptations following a training program.
Following spinal cord injury resulting in paraplegia or quadriplegia, the denervated skeletal muscle alters in morphology and function due to ®ber atrophy, and a slow-to-fast shift in myo®brillar properties occurs. 9, 18 Arti®cial stimulation of paralyzed muscle provides gross synchronous contractions without the ®ne neural control of the alpha and gamma re¯ex circuitry from the muscle spindles that exists in voluntary contractions. Although CFES LE induced muscle damage is poorly researched in SCI individuals, 12 it would appear that a greater potential for muscle damage exists during CFES LE than in voluntary muscle contraction, possibly due to the Figure 5 The relationships between increasing workload and heart rate and oxygen consumption (VO 2 ) at baseline, after 12 weeks of training, and after 8 weeks of detraining. Subjects #'s correspond to Table 1 Figure 1 ) indicate that acute exposure to CFES LE induces muscle damage. The increase in serum CK activity following CFES LE in our subjects is not large compared to values in excess of 10 000 Ktals.L 71 in the AB population following either marathon running or damage caused by eccentric muscle contractions. 16, 19 However, the SCI individual has a reduced muscle mass, and the duration of the combined exercise duration of the initial test was less than 10 min and did not include an eccentric component. Given these considerations the CK responses of the SCI individuals were relatively large. Compared to the ®rst CFES LE test, the reduced CK response to more prolonged CFES LE after training, and even after DT, indicated that the muscle may have adapted and retained tolerance to arti®cial electrical stimulation for a considerable period of time.
Martin et al 9 demonstrated that 24 weeks of unloaded electrical stimulation of the tibialis anterior of human SCI individuals caused signi®cant increases in the proportion of type I ®bers, the mitochondrial enzymatic activity of both type I and II ®bers, and the contractile endurance of the muscle. A trend existed for an increase in muscle capillarization. Despite the shorter training duration of our study compared to Martin et al 9 (12 ± 24 weeks), it is reasonable to assume that the electrically induced contractions of the larger muscle groups of the upper leg and buttocks against progressively increased resistance should have also induced increases in muscle oxidative capacities. These adaptations would help explain the dramatic improvements in muscular endurance and peak oxygen consumption noted in our subjects (Figure 3 and 4) .
For the SCI individual, discontinuation from CFES LE training is probably the most severe form of DT possible for the lower limbs. Without arti®cial electrical stimulation, the only contractile activity that can occur in paralyzed muscle is from spasticity. Although data of altered spasticity was not included in the study, observation and subject feedback indicated that spasticity did not increase during the training period, or during DT. As the 8 weeks of DT did not return muscle endurance or peak oxygen consumption to pre-training values, some of the improvements in muscle oxidative capacity could have been retained. This is an interesting ®nding compared to the response of normal subjects to similar duration detraining periods. As there is no other research of detraining from CFES LE, we can only compare our results to detraining or limb immobilization in AB individuals.
MacDougall et al 20 evaluated muscle ®ber morphology of the triceps brachii following 6 weeks of immobilization in an elbow cast. Immobilization decreased both slow and fast twitch ®ber areas, without a change in ®ber type proportion. Costill et al 21 measured quadriceps strength and endurance, and the oxidative capacity of biopsy specimens from the vastus lateralis muscle before and after knee surgery. After 2 weeks the cast immobilization, the surgically treated leg had a 26 ± 42% decrease in succinate dehydrogenase (SDH) activity, indicating reduced mitochondrial density. Similar results were obtained by Sargeant et al 21 , but for a longer duration of cast immobilization (7 ± 30 weeks), and indicated that in immobilization models with intact neural innervation, no slow-to-fast myo®brillar changes occur in the atrophied ®bers.
The rapidity of the muscle detraining response is even seen in DT from exercise in the AB. Additional research by Costill et al 23 using collegiate swimmers indicated that the respiratory capacity of the posterior deltoid decreased 50% within the ®rst week of detraining, yet did not decrease further during the remaining 4 weeks of the study. Similar reductions in muscle respiratory capacity have also been obtained from DT from running 24 and cycle ergometry 25 in the AB. Interestingly, Klausen et al ®rst trained subjects by cycle ergometry for 8 weeks, and then DT the subjects for 8 weeks. Despite dramatic reductions in muscle mitochondrial enzyme activities to pre-training levels, capillarization adaptations were retained during DT and VO 2 max still remained signi®cantly higher than pre-training. It is apparent that the loss of respiratory potential in AB human skeletal muscle occurs rapidly during DT, yet does not necessarily indicate similar reductions of oxygen extraction and consumption capabilities.
Our data indicate that the low functional capacity of paralyzed muscle, even after electrical stimulation training, may not detrain as rapidly as the highly trained muscle of AB individuals. Muscle biopsy specimens would need to be obtained to conclusively support this fact, however, the retention of muscle contractile endurance and VO 2 in our subjects is apparent.
An additional ®nding from our study is that the HR-VO 2 relationship during CFES LE was altered with training, and remained similar to the immediate post-training results after the DT. Although this relationship did not reach statistical signi®cance, visual inspection shows a clear change in pro®les ( Figure 5 ). At baseline, no apparent relationship existed between increases in workload and the subject's HR and VO 2 . The limited number of participants in this study is the probable explanation for lack of statistical signi®cance. The 12 weeks of training invoked a linear increase in both VO 2 and HR with workload, which was retained after DT despite lowered CFES LE exercise endurance and pk VO 2 .
Bar-On et al 26 reported that the HR-VO 2 relationship is linear for both paraplegic and quadriplegic subjects during arm ergometry. However, their data cannot be compared to HR-VO 2 changes during CFES LE by the SCI individual given the variable magnitude of peripheral pooling of blood and resulting impairment to venous return during upper body exercise in the SCI individual. 27 ± 32 In fact, Irizawa et al 33 demonstrated that, during arm crank exercise, the higher the level of the SCI lesion, the higher the HR at a given VO 2 . The HR response to increased VO 2 during CFES LE was less dramatic in our subjects compared to the results of Bar-On et al, 26 which con®rm the diculties in using HR as a measure of intensity during upper body exercise in the SCI individual. Our ®ndings are meaningful in that the subjects demonstrated a relationship between exercise intensity induced by arti®cial stimulation and an increase in HR, that this relationship was more consistent after training, and was retained following DT. The retained relationship following DT might be explained by Bloom®eld et al 15 who found that training of SCI individuals resulted in increased CAT levels in response to acute exercise.
The minimal DT in the SCI individual may indicate that once a certain level of CFES LE training adaptation has occurred, additional training may not need to continue at the initial frequency and/or duration. If so, this would decrease cost of CFES LE to the SCI individual, and enable a larger number of SCI individuals to utilize this form of training.
The relatively low number of individuals (8) that were eligible for the study compared to the original participants (50) deserves some discussion. As stated before, the major reasons for non-eligibility was the presence of sensation in the lower extremities and absence of either quad or plantar¯exor re¯exes. A large number of potential participants were either incomplete spinal cord injured, which left them with some sensation, or had associated peripheral nerve injuries, most commonly lesions below the L1 level which resulted in loss of re¯exes. The former group could not generally tolerate the magnitude of the electrical stimulation necessary to pedal the cycle ergometer, the latter were unresponsive to the wave forms of electricity used in the experiment. Areas of further research include ®nding the minimum frequency of CFES LE training to maintain training levels of peak VO 2 , peak work load, and LE muscular adaptations.
Conclusions and recommendations
Following 12 weeks of training by SCI individuals, an 8 week period of DT decreased peak VO 2 by 23%, decreased the peak workload during a progressive exercise test by 52%, and blunted the serum CK activity responses to CFES LE. These results indicate that despite inactivity for 8 weeks, paralyzed muscle can partially retain previous adaptations to arti®cial electrical stimulation and muscle contraction, and cardiopulmonary endurance is maintained somewhat. The results also provide further proof of the eectiveness of CFES LE as part of a rehabilitation program for the SCI individual.
